Abstract: Currently, the electric power production by wind energy conversion systems (WECSs) has increased significantly. Consequently, wind turbine (WT) generators are requested to fulfill the grid code (GC) requirements stated by network operators. In case of grid faults/voltage dips, a mismatch between the generated active power from the wind generator and the active power delivered to the grid is produced. The conventional approach is using a braking chopper (BC) in the DC-link to dissipate this active power. This paper proposes a fault-ride through (FRT) strategy for variable-speed WECSs based on permanent magnet synchronous generators (PMSGs). The proposed strategy exploits the rotor inertia of the WECS (inertia of the WT and PMSG) to store the surplus active power during the grid faults/voltage dips. Thus, no additional hardware components are requested. Furthermore, a direct model predictive control (DMPC) scheme for the PMSG is proposed in order to enhance the dynamic behavior of the WECS. The behavior of the proposed FRT strategy is verified and compared with the conventional BC approach for all the operation conditions by simulation results. Finally, the simulation results confirm the feasibility of the proposed FRT strategy.
Introduction
Recently, the number of installed wind turbines has been increased remarkably worldwide [1] [2] [3] . Based on the Global Wind Energy Council (GWEC) 2015 report, the total accumulative installed wind power capacity worldwide reached 432, 883 MW in 2015 [4] . The European Union (EU) members have installed 12, 800 MW of the total installed 13, 805 MW of wind power in Europe in 2015. Accordingly, the total accumulative installed wind power in Europe reached 147,800 MW [4] . Germany alone installed almost 50% of total EU wind energy installations in 2015 with 6013 MW. Consequently, the penetration level of wind power in the power system has significantly increased. Therefore, the new grid codes (GCs) require wind turbines to remain connected to the grid in case of different faults/voltage dips conditions [5] . Therefore, the ability of fault-ride through (FRT) (also called low voltage-ride through (LVRT)) is an important issue for wind turbine manufacturers.
Presently, variable-speed wind energy conversion systems (WECSs) are preferred compared to fixed-speed wind turbines because of their superior wind power extraction and better efficiency [1] [2] [3] . Formerly, doubly-fed induction generators (DFIGs) had been the most popular technology for variable-speed wind turbines in the market. DFIGs can deliver active and reactive power, operate with a fractional-scale back-to-back converter (around 30% of the generator rating), and fulfill a certain fault-ride through capability [6] [7] [8] . However, this situation has changed in recent years with The rest of this paper is organized as follows: in Section 2, the description and modeling of the WECSs with PMSG is presented. Section 3 explains the proposed DMPC for the WECSs, and Section 4 introduces the proposed FRT strategy. Section 5 presents the simulation results and the paper is concluded with Section 6.
Modeling of the WECSs
The block diagram of the PMSG-based wind turbines is illustrated in Figure 1 . The PMSG is mechanically connected to the wind turbine directly via a stiff shaft. The stators of the PMSG are tied via a back-to-back full-scale power converter and a filter to the grid. 
Permanent-Magnet Synchronous Generator (PMSG)
The model of the PMSG in the rotating reference frame (dq) can be written as follows [30, 31] :
s are the d-and q-axis components of the stator voltage and current of the PMSG, respectively. R s and L s are the stator resistance and inductance, respectively. ω r = n p ω m is the electrical angular speed of the rotor (n p is pole pair number and ω m is mechanical angular speed of the rotor) and ψ pm is the permanent-magnet flux. T e is the electro-magnetic machine torque and T m is the mechanical torque produced by the wind turbine. Θ is the rotor inertia of the wind turbine and PMSG.
Back-to-Back Converter and DC-Link
The output voltage of the MSC u abc
in the abc reference frame (three-phase system) can be expressed as follows [30, 31] : 
where 
are the machine and grid side DC-link currents.
are the PMSG and GSC currents in the abc reference frame (see Figure 1 ).
Filter and Grid
Voltage oriented control of the GSC is realized by aligning the d-axis of the rotating reference frame dq with the grid voltage vector, which rotates with the grid angular frequency ω e (considering ideal conditions, i.e., fixed grid frequency f e > 0, ω e = 2π f e is constant). Therefore, the model for the GSC and grid can be expressed as [30, 31] :
Direct Model Predictive Control (DMPC)
Recently, the direct model predictive control (DMPC) scheme is considered a simple and promising control scheme for power converters and electric drives [32] . DMPC eliminates the necessity for linear regulators (PI controllers) and modulators. The DMPC is a nonlinear control method and has the advantage of good dynamic performance. The main disadvantage of the DMPC scheme is the higher computational load. However, the modern digital signal processors have a high calculation capacity, which makes the implementation of DMPC feasible. Recently, several works have demonstrated that DMPC schemes can be easily applied to various applications [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Figure 1 illustrates the proposed DMPC for MSC. According to the DMPC concept, Equation (1) 
DMPC for MSC
A discrete-time model is requested for predicting the future current in the next sampling interval. Therefore, the forward Euler method with sampling time T s is applied to the time-continuous model (8) . For small T s 1, the following holds:
Consequently, the discrete model of the PMSG can be expressed as [30, 31] :
For the MSC, the cost function is defined by
are the reference values of the d-and q-axis currents. k is the current sampling instant and i s,max is the maximum allowable output current of the MSC. The cost function (10) is selected to minimize the tracking error between the reference value i dq s,re f (k + 1) and actual value i dq s (k + 1) of the stator current (as we do a current control in this work). The future reference current i k s,re f (k + 1) is calculated using Lagrange extrapolation as [35] :
The value of the d-axis reference current i d s,re f (k) is always set to be zero and the value of the q-axis reference current i q s,re f (k) is calculated based on the optimal torque T e as i q s,re f (k) = 2 3 T e (K) n p ψ pm . The optimal torque T e is computed from the MPPT algorithm [30] .
According to the DMPC concept, Equation (9) is computed for the seven possible voltage vectors. Consequently, seven predicted currents are produced. Then, the cost function (10) is evaluated for the seven predicted currents and the voltage vector whose current prediction is optimizing the cost function will be applied in the next sampling instant.
DMPC for GSC
The proposed DMPC for the GSC is shown in Figure 1 . Solving Equation (7) for
According to the forward Euler method principles, the discrete time model of the output filter and grid can be written as [30, 31] :
For the GSC, the cost function is defined by
where
are the reference values of the d-and q-axis currents, and i f ,max is the maximum allowable output current of the GSC. The future reference current i k f ,re f (k + 1) is calculated using Lagrange extrapolation as explained above.
The value of the d-axis reference current i d f ,re f is obtained from an outer DC-link voltage control loop [30, 31] . The measured DC-link voltage u dc is compared with a constant reference value u dc,re f and the error is processed by a PI controller producing the d-axis reference current i d f ,re f (see Figure 1 ). The value of the q-axis reference current i q f ,re f is calculated based on the required reference reactive power as i
Again, following the same procedure of the DMPC explained above, the optimal voltage vector to be applied in the next sampling period will be selected.
Proposed FRT Strategy
During faults or voltage dips in the grid side, the grid voltage
o ) 2 will be lower than the rated value 1 [pu]. Therefore, the delivered active power to the grid will be reduced [39] . However, without FRT control strategy, the PMSG will continue supplying active power to the DC-link. Consequently, the difference between the generated power from the PMSG and the delivered power to the grid will be accumulated in the DC-link capacitor. Accordingly, the DC-link voltage u dc increases to a value that can cause damage to the DC-link capacitor. The traditional solution for this problem is utilizing a BC in the DC-link [39] . When the DC-link voltage reaches the threshold value (i.e., 1.1 u dc ), the BC will turn on. Consequently, the surplus power dissipates in the BC resistance R c , as shown in Figure 1 . However, the BC solution can only dissipate the surplus power and cannot deliver reactive power to the grid. Accordingly, this solution failed in achieving the new grid code requirements.
The proposed FRT strategy is illustrated in Figure 1 . The q-axis reference current i q s,re f of the PMSG is multiplied by a factor K F , which can be expressed as
where u o,rated = 1 pu is the rated value of the grid voltage and u o is the magnitude of the grid voltage during the fault/voltage dip. Therefore, during the normal operation conditions u o ≥ 0.9, the DMPC of the MSC will track the maximum power point of the wind turbine (i.e., K F = 1). During faults/voltage dips in the grid side, the generated power from the PMSG will be decreased according to the depth of the voltage dip/fault (i.e., K F < 1). Consequently, the surplus active power will be stored in the inertia of the rotor of the WECS [39] . Thus, the mechanical speed of the shaft increases. After fault clearness, this stored active power will be injected back to the grid. In order to fulfill the new grid code requirements, the maximum allowable reactive current will be injected to the grid during the fault, which can be expressed as
Simulation Results
A 20 kW WECS with PMSG is implemented in Matlab/Simulink (2015a, MathWorks, Natick, MA, USA). The system parameters are given in Table 1 , and the implementation is shown in Figure 1 . For implementing the proposed DMPC, the sampling time was selected to be 40 µs, which yields acceptable current/torque ripples and a maximum switching frequency of 1/(2 × 40 × 10 −6 ) = 12.5 kHz. If the sampling time is chosen lower than 40 µs, the current/torque ripple will be reduced. However, the switching frequency, and, consequently, the switching losses will be increased as well. Fixed-step solvers solve the system model at simulation steps from the start to the end of the simulation. In general, reducing the simulation step increases the accuracy of the results and increases the time required to simulate the system. Accordingly, the simulation step was selected to be 1 µs. Figure 2 shows the performance of the GSC and DC-link during a three-phase fault in the grid side without FRT strategy at the rated wind speed 20 m/s. At the time instant t = 0.4 s, an 85% voltage dip in the grid voltage occurred for a period 200 [ms] . As explained in Section 4, during the faults/voltage dips, the active power P f injected to the grid decreases (see Figure 2) while the generated active power P s from the PMSG is constant (see Figure 3) . Therefore, the output currents of the GSC i abc f increase in order to regulate the DC-link voltage. However, the output currents reach the maximum allowable value 1.5 pu, as shown in Figure 2 . Accordingly, the surplus active power accumulates in the DC-link capacitor causing an increase of the DC-link voltage u dc to a very high value 2 pu. This voltage is enough to destroy the DC-link capacitor. After the fault clearance at the instant t = 0.6 s, the DC-link voltage recovers by injecting more active power to the grid than that generated. Consequently, the d-axis current i d f of the GSC is still constant at the maximum allowable value even after the fault clearance. Figure 3 illustrates the performance of the MSC and PMSG during the same three-phase fault as in Figure 2 without FRT strategy. There are no changes in the PMSG currents, generated active and reactive power, and mechanical speed of the rotor due to the full decoupling between the grid and the generator.
In order to protect the DC-link capacitor, the traditional solution is connecting a braking chopper parallel with the DC-link capacitor. In order to investigate the effectiveness of this BC solution, the simulation is re-performed under the same wind speed (i.e., 20 m/s) and the same three-phase fault as in Figure 2 . Figure 4 illustrates the performance of the GSC and grid with the BC-FRT solution. After the fault occurrences, the DC-link voltage increases. However, when the DC-link voltage reaches the threshold value (i.e., u dc = 1.1 pu), the BC is activated and the surplus active power dissipates in the BC resistance. Accordingly, the DC-link voltage is kept constant at the threshold value. According to Figure 4 , the BC solution has the capability to protect the DC-link capacitor. However, according to the new grid code requirements, the WECS must inject reactive power to the grid during the faults/voltage dips. This requirements can not be achieved using the BC solution. Figure 5 shows the performance of the MSC and PMSG during the same three-phase fault as in Figure 2 with the BC-FRT strategy. Again, there are no changes in the generator currents, active and reactive power, and mechanical speed of the rotor, thanks to the full decoupling between the grid and the generator. The performance of the GSC and DC-link during the same three-phase fault with the proposed FRT strategy is illustrated in Figure 6 . According to Equation (15) , when the fault/voltage dip is detected, the q-axis reference current i q s,re f of the PMSG is multiplied by the factor K F . Accordingly, the generated active power P s from the PMSG decreases as shown in Figure 7 . Therefore, a mismatch between the output mechanical power from the wind turbine and generated power from the PMSG is produced. As a consequence, the rotor mechanical speed ω m of the PMSG increases and the surplus power will be stored in the inertia of the rotor of the WECS (see Figure 7) . Therefore, the DC-link voltage is kept almost constant at its reference value 1 pu. Moreover, during the fault, a reactive power Q f is injected to the grid. The q-axis reference current i q f ,re f of the GSC is calculated according to (16) . Thus, more than 1 pu reactive current is injected into the grid. Accordingly, the proposed FRT strategy succeeded in protecting the DC-link capacitor and achieving the grid code requirements without any extra hardware components.
After the fault clearance, the stored energy in the rotating mechanical system of the WECS is injected back into the grid via the DC-link. The injected power after the fault is equal to the sum of the output mechanical power from the wind turbine and the stored power during the fault. Therefore, the q-axis current of the PMSG i q s and the d-axis current of the GSC i d f reach the limit 1.5 pu. Consequently, the speed of the rotor of the PMSG decreases and reaches the pre-fault value after delivering all the stored power to the grid. Comparing the performance of the proposed FRT strategy (Figures 6 and 7 ) with the performance of BC solution (Figures 4 and 5) shows that the proposed FRT strategy gives superior performance. The main drawback of the proposed FRT strategy is the stress in the mechanical components of the wind turbine and PMSG during the fault. However, as shown in Figure 7 , the mechanical speed of the PMSG is still within the safe limit 1.2 pu, although the wind turbine operates at the rated wind speed 20 m/s.
In order to investigate the performance of the proposed FRT strategy during unbalanced faults, a single phase to ground fault has been applied in the grid side. At the time instant t = 0.5 s, a 50% voltage dip in phase a of the grid is applied for a period of 300 ms. The simulation is re-performed under a wind speed 15 m/s. Figure 8 shows the performance of the GSC and DC-link under the single phase to ground fault with the proposed FRT strategy. Again, the proposed FRT strategy succeeded in protecting the DC-link capacitor. The DC-link voltage is almost constant at 1 pu. Moreover, approximately 1 pu reactive power/current is injected into the grid. Thus, the proposed FRT fulfills the new grid code requirements. The performance of the MSC and PMSG under the single phase to ground fault is illustrated in Figure 9 . As explained above, during the fault, the generated active power from the PMSG reduces and the surplus active power is stored in the inertia of the WECS. Therefore, the mechanical speed of the PMSG increases. However, the mechanical speed did not reach the rated value 1 pu. Accordingly, there is no stress on the mechanical components of the wind turbine and PMSG in this case. 
Conclusions
In this paper, an FRT strategy for PMSG-based variable-speed wind turbines is proposed. The proposed FRT strategy uses the rotor inertia of a WECS (inertia of the wind turbine and PMSG) to store the surplus power during faults/voltage dips in the grid side.The performance of the proposed FRT strategy has been verified and compared with the traditional BC solution by simulation results under symmetrical and asymmetrical faults/voltage dips. The results illustrated that the proposed FRT strategy guarantees keeping the DC-link voltage almost constant at its reference value (i.e., 1 pu) and injecting active and reactive power into the grid during faults/voltage dips. Furthermore, the proposed FRT strategy gives superior performance in comparison with the traditional BC solution. Accordingly, the proposed FRT strategy fulfills the new grid code requirements without any additional hardware components.
